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There is currently a need to test new methods of increasing the accuracy and
reliability of the stages scored by users of subjective methodologies within the forensic
sciences. One way this can be done is through the quantification of these subjective
stages through metric measurements and the application of sectioning points. This
research assesses the quantification of the subjective stages within the Mincer et al.
(1993) method of age estimation through odontometric measurements and the application
of sectioning points. In this study, five odontometric measurements taken from
radiographs of fifty-five third mandibular molars from thirty-nine individuals were used
to establish measurement ratios. Using a Spearman correlation coefficient, the
measurement ratios were tested to determine which were significantly correlated to their
respective Mincer stages. Sectioning points were then derived through descriptive
statistics for the significantly correlated measurement ratios. These sectioning points
were then tested in a separate validation sample of ten individuals comprising twelve
third molars. Results found the reliability of the scores obtained from the measurement
ratio sectioning point systems to be excellent (ICC values 0.972–1.000). However, when

the scores obtained through the sectioning points were compared to the scores obtained
through the subjective Mincer et al. (1993) method by trained forensic anthropologists,
there was poor agreement, with correct classification percentages ranging from 25% to
75% for the various sectioning point systems. This indicates that the accuracy of the
measurement ratio sectioning point systems is low. Additionally, the Mincer et al. (1993)
method was validated for the entire sample with results showing a difference between
observed (known) age and expected age using the Mincer method. Furthermore, the
probability of having obtained the age of eighteen was tested for each of the Mincer
stages with results showing a 100% probability of being at least eighteen years old for all
of the stages within the sample. However, this may have been affected by the absence of
individuals under eighteen years of age within the sample. This study represents an
important steppingstone, with more research needed in the future.
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Chapter 1: Introduction
Within forensic investigations, the use of the biological profile (comprised of
estimates of biological sex, age, ancestry/geographic origin, and stature) helps forensic
anthropologists contribute to the identification of unknown remains. Of these estimates,
age at death estimation is argued to be the most important variable for narrowing down
potential positive identifications (Algee-Hewitt, 2017). Age at death estimation can be
divided into two categories: estimates based on developmental indicators seen in
subadults and degenerative indicators seen in adults. Of these, developmental indicators
are generally agreed to be the most accurate due to their consistent timing and the short
time span in which development occurs (Algee-Hewitt, 2017). One of the developmental
indicators commonly used is dentition. Though numerous methods exist to estimate age
at death from the dentition, many are subjective, meaning that they rely on the
interpretations and opinions of the observer to determine what phase or stage of maturity
is being examined. This can make differentiation between qualitative phases or stages
difficult, especially amongst inexperienced observers. This issue can further have an
effect on the accuracy and reliability of the assigned stages, which, in turn, can affect the
age estimates associated to them. Contrary to qualitative stages, studies have shown that
objective measurements, which can be used to assign stages, have high rates of reliability
when compared to subjective stages (Kullman et al., 1996; Khalidi et al., 2016).
Objective approaches differ from subjective ones as they are not influenced by an
observer’s feelings or opinions in representing the facts. Thus, it is possible that the
association and application of objective measurements to stages within subjective
methodologies may aid in the accurate and reliable estimate of age. Furthermore, in light
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of the report published by the National Academy of Sciences (NAS) in 2009, there is
increased pressure for research on the accuracy, reliability, and validity of methods used
within the forensic sciences (National Research Council, 2009). Although the application
of objective measurements to subjective methodologies does not establish the accuracy,
reliability, or validity of previously defined methods, they can be used to test new ways
of assessing and potentially increasing the accuracy and reliability of stages subjectively
scored within previous methods. This thesis addresses the use of objective measurements
and their ability to quantify the subjective age estimation method established by Mincer
et al. (1993), a commonly used qualitative eight-stage age estimation method that utilizes
the dentition, with the goal of increasing the accuracy and reliability of the stages scored
by users.
This research was undertaken using radiographs from the Defense POW/MIA
Accounting Agency (DPAA) located at Offutt Air Force Base, Nebraska. The DPAA is a
U.S Department of Defense agency whose aim is to provide the fullest possible
accounting of missing U.S. service members. One of the projects that the DPAA
currently has is the USS Oklahoma Identification Project. Established in 2015, the
purpose of this project is to attempt to identify the missing service members who lost
their lives on the USS Oklahoma battleship during the Japanese attack on Pearl Harbor on
December 7, 1941 (Brown, 2019). Postmortem radiographs taken from individual sets of
remains associated with the USS Oklahoma were the basis for this study.
Radiography is a nondestructive imaging technique that uses x-rays to view the
internal structures of an object; forensic anthropologists use these radiographs to obtain
clear images of skeletal and dental structures. This is important with respect to age
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estimation as it may require the visualization of structures not readily observed.
Specifically concerning age estimation from the dentition, radiographs provide key
information on the development of the tooth roots that can be used to estimate age of
unknown individuals. Given the typical demographic of this sample (i.e., young adult
males) the third molar is typically the only tooth still in development. This tooth is
considered to be the most variable tooth in the dental arcade, with regard to both its
timing of formation and eruption (Mincer et al. 1993). Additionally, the third molar is
often congenitally absent, impacted, malformed, or extracted further complicating its use
for age estimation (Mincer et al., 1993). However, as there are few other usable skeletal
indicators during an individual’s middle teens and early twenties, the third molar often
proves necessary for estimating chronological age. One of the methods used to estimate
age from the third molar is the method developed by Mincer et al. (1993). This method
was developed using radiographs of a largely white population similar to that of the USS
Oklahoma and is currently the primary age at death estimate for the dentition used by the
DPAA (DPAA Laboratory Manual, SOP 3.4). Given these reasons the Mincer method
was chosen for this study.
The primary aim of this study was to quantify the subjective categorical stages of
Mincer et al. (1993) using empirical measurements. This was attempted by means of
odontometric measurements taken from radiographs of mandibular third molars that were
then converted into ratios. These ratios were then correlated to a specific Mincer stage,
with significantly correlated ratios used to establish sectioning points for each Mincer
stage. This provided a range of measurement ratios associated with each subjective stage,
allowing for the determination of the Mincer stage based on the obtained measurement
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ratios. To validate the sectioning point method, measurement ratios were taken from a
separate sample of radiographs and assigned a Mincer stage based on the sectioning
points. These scores were then compared to scores assigned to the third molars through
the subjective stages. To determine the correct classification rate of the measurement
ratios used to develop the sectioning points, the number of teeth correctly classified for
each measurement ratio, as based upon agreement with the scores subjectively assigned,
were divided by the total number of teeth. Additionally, the reliability of both
measurements used to establish the sectioning points, as well as the scores obtained from
it, were assessed. This assessment was done by comparing duplicate measurements and
scores one week apart using intraclass correlation coefficient (ICC). Lastly, the validity
of the Mincer method within the USS Oklahoma sample was measured. This was done
through the comparison of the known age of the individuals, as documented in their
military records, to the age estimated using the Mincer method obtained from DPAA
Forensic Anthropology Reports. This was necessary, as any attempts to quantify the
method would be meaningless if it did not provide accurate estimates of age.
The hypotheses for this study included:
•

The Mincer et al. (1993) method of age estimation can be quantified
through the use of sectioning points derived from measurement ratios

•

The sectioning point system provides a reliable method of obtaining
Mincer stage of development

•

The sectioning point system provides an accurate method of obtaining
Mincer stage of development

These hypotheses were created based on previous literature and were tested within the
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original and validation samples, respectively.
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Chapter 2: Literature Review
The use of the dentition to estimate age at death has been heavily examined within
the forensic and bioanthropological literature. This is in part due to the advantage of teeth
as useful biological indicators as well as their high level of preservation. Teeth represent
the hardest and most durable component of the skeleton, comprised almost entirely of
hydroxyapatite, making them more likely to survive taphonomic events following death
(Panchbhai, 2011). Likewise, the development of the dentition is under high genetic
control, indicating that environmental factors are less likely to influence their
mineralization and affect age estimates (Algee-Hewitt, 2017, p. 405). Although teeth
exhibit slight developmental differences between the sexes, these differences are
generally narrower than those within other areas of the skeleton, with approximately only
one to six months separating female and male dental development (Algee-Hewitt, 2017,
p. 405). This is advantageous, as it allows precise age estimates to be derived from
pooled sex samples, as compared to other methodologies that utilize epiphyseal closure
of the long bones. Altogether, these advantages demonstrate that the teeth are an effective
means of age estimation, especially within sub-adult and young adult populations.
Given the benefits of using the dentition to estimate age, several methods have
been developed to assist in their application. These methods can be divided broadly into
those that estimate age according to visual, radiographic, chemical, and histological
methodologies (Chaudhary & Doggalli, 2018). Although each of these have their own
strengths, dental aging systems that utilize radiographs are the best suited to the current
research as they are nondestructive, widely available, remotely accessible, and the most
applicable to the Mincer et al. (1993) system of age estimation. Unlike histological or
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chemical means of aging that are invasive and may involve the destruction of the sample,
radiographic means do not physically alter the dentition. Likewise, radiographs were
taken within the DPAA skeletal collection for general documentation, as well as a means
of identification; thus, they are widely available for research on age estimation. With the
current situation surrounding the COVID-19 pandemic, visual means of assessment are
impractical as physical access to many collections is limited. Therefore, radiographic
means provide the best methodology as they can be accessed remotely online. Most
importantly though, as the Mincer system was developed radiographically, efforts to
quantify it should also be conducted through radiographic means. This ensures that users
will not have to switch media to quantify the Mincer stages scored radiographically.
Given these reasons, this review will focus exclusively on radiographic methods of age
estimation utilizing dentition.

Radiographic Methods of Age Estimation in Children and Adolescents
Radiographic methods can be used to estimate chronological age within both subadult and adult populations. Chronological age is defined as calendar years since birth,
which differs between biological age, which is assessed based on stages of skeletal
maturation (Algee-Hewitt, 2017). Many different biological indicators exist in the
skeleton to estimate chronological age, including the dentition. Though there is an
imperfect correlation between chronological and biological age due to biological age
being impacted by a variety of genetic and environmental factors, forensic
anthropologists still use biological indicators to estimate chronological age as they
capture the general progression of biological change over time (Algee-Hewitt, 2017).
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For sub-adults, specifically focusing on children and adolescents (here adolescent refers
to individuals under the age of 18), two different systems are typically used to estimate
chronological age: the atlas style and incremental staging method (e.g., Chaudhary &
Doggalli, 2018). Atlas-style methods involve examining the marked stages of
mineralization that are present within all teeth and comparing them to known standards
(Panchbhai, 2011). One of the most well-known atlas systems was developed by Schour
and Masseler (1941). Their system utilized 21 diagrams that depicted the entire dentition
within their known stage of development. Ages ranged from before birth to 35 years with
standard deviations of + two to nine months (Schour & Massler, 1941). Although no
information was included on the sample size used, it was likely based on Logan and
Kronfeld (1933) whose sample included less than 30 individuals, the majority who were
under two years of age (AlQahtani et al., 2010). Additionally, the atlas by Schour and
Masseler provided no distinctions in development for males and females (Panchbhai,
2011). Ubelaker (1989) modified the atlas by Schour and Masseler to include a more
diverse sample of Native Americans, as the previous system tended to overestimate age.
The age ranges were also broadened to account for variation observed within different
individuals of the same age. However, Ubelaker’s atlas is largely based on prehistoric
archaeological samples, indicating its use may not be appropriate on modern 20th and
post-20th century populations (Adams et al., 2018). Most recently, AlQahtani et al.
(2010) established the London atlas system using a large sample comprised of British
White and Bangladeshi individuals. This system sought to improve upon previous atlas
systems by covering the entire development of the dentition and providing more accurate
age estimates (AlQahtani et al., 2010). Additionally, unlike the Ubelaker atlas, the
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London atlas charted the development of the dentition based on its eruption through the
alveolar bone, rather than the gingival tissue (Chaudhary & Doggalli, 2018). However, as
with the previous atlases, it did not include separate charts for males and females
(Chaudhary & Doggalli, 2018).
In comparison to the atlas method, the incremental staging, or scoring method,
classifies tooth development using schematic drawings of dental stages that are scored
and assessed through statistical evaluation (Panchbhai, 2011). This method is generally
considered to be preferable to previous atlas style methods, as it considers the full
development of the teeth, not just the emergence of the dentition through the alveolar
bone or gingival tissue, which can vary due to a variety of factors (Algee-Hewitt, 2017).
One of the most accepted methods of incremental staging was developed by Moorrees et
al. (1963) who examined radiographs taken from a longitudinal study of white children in
the United States, dividing dental development into stages starting with the formation of
the cusps and progressing to the apical closure of the roots. Using probit analysis, they
determined the mean age of attainment for each dental stage, allowing investigators to
estimate chronological age using the stages of their system. However, as the authors used
two different populations within their sample, it is questionable whether differences in
the rate of dental development between the populations affected the use of their system
(Harris et al., 2010). Building on this, Demirjian et al. (1973) used samples taken from a
French Canadian population to develop dental mineralization scores/stages ranging from
A–H for the mandibular dentition, excluding the third molar. Using the stages as
indicators for dental maturity, each stage corresponds with a score that can be summed
for all teeth to determine the total maturity score. This can then be put into a regression
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equation to estimate the age of the individual. Although Demirjian’s method was
developed decades ago, it is still considered to be one of the best methods of age
estimation in children and adolescents (Chaudhary & Doggali, 2018; Olze et al., 2005;
Panchbhai, 2011).
Incremental staging methods have also been developed specific to the third molar.
Despite its known variability, it is one of the few indicators available during late
adolescence and early adulthood for age estimation. One of the fundamental studies
conducted on age estimation using the third molar was done by Mincer et al. (1993) who
applied Demirjian’s modified stages to the maxillary and mandibular third molars within
a large sample of mostly white Americans. Results showed that chronological age could
be estimated within a 95% confidence interval when two standard deviations were
applied, generally encompassing approximately eight years (Mincer et al., 1993). Though
this is rather imprecise, Mincer’s system also was used to predict whether an individual
had reached the age of 18 years, a critical age within the legal system, demonstrating
reasonably accurate results (Harris et al., 2010).

Radiographic Attempts to Quantify Age Estimation in Children and Adolescents
Both the atlas style and incremental staging methods rely on subjective drawings
and charts to estimate age within individuals. While these are undoubtedly useful, the
stages within subjective drawings and charts can be difficult to differentiate between,
which can lead to issues in the accuracy and reliability of age estimates obtained from
them. Additionally, there can be variability for different teeth during development that
cause them to not match up exactly with dental charts, such as when the incisors are at a
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certain stage but the premolars have not mineralized to the extent illustrated for that
stage. This can similarly lead to issues in the accuracy and reliability of obtained age
estimates. In light of the report published by the National Academy of Sciences (NAS) in
2009, there is increased pressure to conduct studies on the accuracy, reliability, and
validity of previously established methods (National Research Council, 2009). This is in
part due to the issues associated with subjective interpretations, which the NAS
recommends should undergo rigorous protocols for the performance and evaluation of
them. In comparison to subjective methodologies, several researchers have devised
methods of age estimation that utilize quantitative morphometrics, rather than qualitative
traits and characteristics. For instance, Kullman et al. (1995) took digitized measurements
of root length taken from undeveloped third molars with the purpose of devising an
objective method of age estimation for juveniles. Using a radiographic sample of 483
lower third molars, they divided ratios of root length to tooth length into six predefined
subjective stages, with each stage encompassing approximately 12% of the root length
(Kullman et al., 1995). This was then compared to teeth that were assigned to the six
subjective stages based upon visual assessment alone. Estimating mean age and standard
deviation within both the measurement-based and subjective system, the authors found
that the subjective system demonstrated better precision, as the standard deviations were
higher for the assigned stages based on root length measurements (Kullman et al., 1995).
Likewise, Thevissen et al. (2011) also investigated measurements taken from the
dentition for the purpose of age estimation. Using measurements of tooth widths and
lengths obtained from radiographs of the mandibular third and second molar within a
sample of seven- to twenty-four-year-old individuals, the authors converted these
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measurements into ratios and compared them with teeth scored according to the modified
Gleiser and Hunt (1955) subjective method of age estimation. The results showed that
teeth scored according to the subjective method exhibited more accurate age estimates
than those that were scored using measurements. Additionally, the use of multivariable
regression models demonstrated that ratios of measurements did not add any relevant
information to the age estimation of the third molar predicted from the subjective staging
method (Thevissen et al., 2011).
Contrary to the results obtained from these studies, other studies have found
metric measurements taken from the dentition to be an accurate method of age
estimation. For instance, Liversidge and Molleson (1999) measured tooth lengths from
radiographs of 76 individuals aged from birth to 19 years, to estimate age. Using the least
squares regression method, the authors developed regression equations to estimate age for
both the mandibular and maxillary dentition. Though they did not evaluate the accuracy
of the age estimates, consequent follow up involving a radiographic sample of 145
individuals found that age estimates produced using Liversidge and Molleson’s 1999
methodology to be of a similar level of accuracy to other methods used to estimate age in
nine- to thirteen-year-old individuals (Liversidge et al., 2003). Similarly, Mörnstad et al.
(1994) used measurements of crown height, root length, and apical width taken from
radiographs of children five and a half to fourteen and a half years of age. Results
obtained from all of the mandibular teeth showed that some measurements were more
strongly correlated with age than others, depending on the age group examined and the
specific tooth. For example, while crown height taken from the third molar was
correlated with age in children 10 to 14 years old, there was not a significant correlation

13
with this tooth for any of the younger age groups. In order to estimate age, researchers
used the five measurements that showed the overall strongest correlation across various
age groups and plugged them into a multiple regression model. This resulted in estimates
that, on average, were within one year of known age, yielding higher accuracy than
previous subjective methods of age estimation (Mörnstad, et al., 1994).
Likewise, Cameriere et al. (2006) also used morphometrics to quantify sub-adult
dental development in Italian children aged five to fifteen years. Taking apical width
from the mandibular dentition, with the exception of the third molar, researchers found
that while all the measurements of the open apices were correlated with age, only the
second premolar significantly contributed to the fit of their stepwise regression model.
Therefore, the authors used this measurement in a linear regression model, along with the
other variables that were significant to the fit. Overall, the sample results demonstrated a
reasonable level of accuracy between estimated and actual age, comparable with other
methods of age estimation (Cameriere et al., 2006). Building on this, Cameriere et al.
(2008) applied apical measurements to radiographs of the third molar and compared them
to Demirjian’s stages scored for all the teeth for the purpose of better determining
whether individuals had reached the age of 18 years. Using a cut-off value of 0.08 for the
third molar maturity index derived from the apical measurements, the authors found that
this method had a better combined specificity and sensitivity than using either stage G or
stage H, the last two stages within Demirjian’s system, as a predictor of having reached
the age of 18 years. Additionally, the overall accuracy of the third molar maturity index
in determining whether individuals were over the age of 18 years was the same as using
stage G and higher than using stage H (Cameriere et al., 2008). This led the authors to
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conclude that the third molar maturity index was the best method for young adult age
estimation. Following its publication, Cameriere’s third molar maturity index method has
been validated in several populations, including the Netherlands and Croatia (Doğru et
al., 2018; Galic ́ et al., 2015).
In comparison to quantitative methods of age estimation in children and
adolescents that have utilized measurements from developing teeth, Meinl et al. (2007)
took measurements on fully developed teeth to examine pulp to tooth ratios associated
with secondary dentine deposits. Although this method is typically used to estimate age
in skeletally mature adults, the authors wanted to test its applicability on a late adolescent
to young adult population. Using a radiographic sample taken from 13 to 24 year-old
individuals, the authors measured tooth to pulp ratios in the anterior dentition, in
accordance with the methodology developed by Kvaal et al. (1995). Employing
regression equations taken from two studies, the findings showed age estimates from both
equations exhibited large differences between estimated and known age (Meinl et al.,
2007). This not only demonstrated that the equations used were unsuitable for age
estimation within the population, but also that measurements of the tooth pulp associated
with secondary dentine deposits may not be applicable to adolescent populations, as the
dental pulp chambers may not have undergone enough changes to be of significance for
age estimation. However, in comparison to these findings, Cameriere et al. (2004) found
that the quantification of the pulp to tooth area associated with secondary dentine
deposition combined with scoring the third molar according to Demirjian’s stages was an
accurate method of predicting whether an individual had reached 18 years of age. Using
radiographs taken from individuals aged 14 to 24 years, the authors established that a
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ratio pulp to tooth area of the second molar that equated to greater than 0.088 and was not
at stage H for third molar development was likely from an individual that was under 18
years of age, while those with a tooth to pulp ratio of less than or equal to 0.097 and at
stage H were likely to be from someone that was at least 18 years of age. Additionally,
the accuracy of individuals within the sample who were classified according to this
methodology was 92%, demonstrating its use in estimating whether individuals had
reached the age of 18 years (Cameriere et al., 2004).
Along with traditional morphometric approaches, geometric morphometrics have
recently been applied to age estimation within juvenile populations. This method is
unique as it captures all of the information pertaining to the shape of the item being
analyzed, a variable incapable of being analyzed through traditional morphometric
methods, and provides a quantitative means of shape analysis. This is typically done
through the use of cartesian coordinates taken from anatomical landmarks of the object
(Adams et al., 2013). With regard to age estimation of the dentition, a preliminary study
conducted by Gleim (2018) sought to determine the use of landmark-based geometric
morphometric analysis using radiographs of the mandibular second and third molars, as
well as the maxillary second molar and premolar taken from individuals aged nine to
twenty-one years. The results of this analysis showed that the shape of the mandibular
third molar exhibited the highest correlation with age, making it the most useful tooth for
age estimation in this age group of adolescents and young adults. Consequent linear
discriminant analysis found that the shape of the third molar could be used to accurately
predict chronological age 19.7% of the time with a prediction interval of zero years.
However, when the prediction interval was widened to two years, the accuracy increased
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to 77.2% of the time (Gleim, 2018). This demonstrates relatively good accuracy with
results showing the applicability of geometric morphometric methodologies to sub-adult
and young adult age estimation.

Radiographic Methods of Age Estimation in Adults
Unlike sub-adults, degree of mineralization and eruption of the dentition cannot
typically be used to estimate age in adult populations (i.e., individuals who are over the
age of 18). Instead, researchers must rely on changes associated with the degeneration or
changing of fully-developed dentition. Radiographic indicators investigated in the past
include dental attrition, cementum apposition, periodontal recession and visibility, and
secondary dentine deposits.
Beginning with dental attrition and cementum apposition, these have largely been
examined together as part of Gustafson’s (1950) methodology for age estimation in adult
populations. His other indicators included apical translucency, secondary dentine
deposits, periodontal recession, and root resorption, based on changes observed in
extracted teeth (Gustafson, 1950). In order to determine whether these changes could be
radiographically observed, Olze et al. (2012) examined dental attrition, cementum
apposition, secondary dentine deposits, and periodontal recession in premolars to
determine their use in age estimation. Although they had originally planned to include
root resorption, both this indicator and apical translucency were not observable on the
radiographs. Using schematic drawings of stages that characterized the relative presence
of each trait, researchers classified levels for all of the indicators within a sample of 15 to
40 year-old individuals. Through multiple regression analysis that included dental
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attrition and cementum apposition as variables, they found that the correlation between
the variables and chronological age ranged from 0.65 to 0.73, with the standard error
from estimated to known age ranging from 5.3 to 5.7 years (Olze et al., 2012). Following
this study, additional research was conducted to determine the ability of several
indicators, including cementum apposition and attrition, to establish whether individuals
within a Chinese population had reached the age of 18 years (Hou et al., 2019). Using the
same stages that were developed by Olze et al. (2012) for scoring the characteristics, the
authors found that individuals who had reached Stage 2 for both cementum apposition
and attrition could be proven to have surpassed the 18 year threshold for age. However,
as there were not enough individuals within any of the necessary stages for any of the
indicators investigated, the authors concluded that they were of limited value for
determining whether Chinese individuals were over the age of 18 years. Despite this
caveat, the examined degenerative change of attrition was shown to perform the best as
an indicator of age (Hou et al., 2019).
Age estimation utilizing the periodontal ligament has assessed both recession and
visibility. Concerning periodontal recession, studies done on extracted teeth have
consistently found it to be an unreliable indicator of chronological age, in part due to the
many factors that affect it (Zinni & Crowley, 2017). However, radiographic examination
of periodontal recession conducted by Olze et al. (2012) for the purpose of age estimation
found that, when coupled with other indicators, it could produce an age estimate for the
maxillary and mandibular premolars with a standard error of approximately five years.
Although this is rather imprecise, the authors recommend its use for age estimation in
individuals of unknown age. Regarding periodontal visibility, several studies have found
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it to be a credible method of determining whether an individual has reached 18 years of
age. This method, which relies on the gradual disappearance of the periodontal membrane
as viewed radiographically, was classified by Olze, Solheim, Schulz, Kupfer, Pfeiffer,
and Schmeling (2010) using four qualitative stages ranging from the ligament being
visible along the entire length of the roots to it being largely invisible. Within a large
radiographic sample of mandibular third molars, the authors found that individuals who
were classified as Stage 1, where the periodontal ligament was invisible from the apex of
one root to at least half the length of the root, were likely to have reached the age of 18
years, as all the individuals within the sample classified as such were over 18 years old
(Olze, Solheim, Schulz, Kupfer, Pfeiffer, & Schmeling, 2010). Likewise, Lucas et al.
(2017) used modified stages of periodontal ligament visibility taken from Olze, Solheim,
Schulz, Kupfer, Pfeiffer, and Schmeling (2010) to classify stages based on percentage of
ligament visibility. Taken from a sample of mandibular third molars, their results showed
that the minimum values for those grouped into the last two categories were all above the
18 year threshold, indicating a high probability that those who were classified in these
groups and had obtained stage H within the Demirjian et al. (1973) age estimation system
were at least 18 years old (Lucas et al., 2017).
Lastly, the relationship between secondary dentine deposits and chronological age
has been extensively examined. Originally described as a part of Gustafson’s (1950)
methodology, it has since been radiographically investigated. One of the early studies
involving radiographs was conducted by Morse et al. (1993) who took measurements of
the root canal in the anterior dentition to determine if the closure of it was associated with
advancing age. Their findings showed that there were significant differences between all

19
six age groups in the study, with older groups characterized by more shrunken root canals
(Morse et al., 1993). However, this method could only be used to classify which 10 year
age group an individual likely belonged to, as it was not able produce a precise age
estimate.
Following Morse et al., 1993, Kvaal and Solheim (1994) used measurements of
the length and width of the tooth root and pulp within the anterior dentition to assess agerelated changes. Within a broad range of age groups, a significant correlation was found
between known age and the width of the pulp and root for all types of teeth in the study.
Additionally, using regression analysis to estimate age, the authors identified the second
maxillary premolar as showing the strongest correlation between calculated and actual
age, though the standard error was still rather high at approximately eight and a half years
(Kvaal & Solheim, 1994). One of the most widely recognized methods of age estimation
related to secondary dentine deposits as quantified through indirect measurement was
developed shortly after, by Kvaal et al. (1995). Similar to Kvaal and Solheim (1994), the
authors used ratios of the length and width of the tooth root and pulp, as well as the
overall tooth length to determine the correlation of these measurements to chronological
age. Their results showed that all the ratios were statistically significant, except for the
ratio for tooth and root length, which was eliminated from subsequent analyses. The rest
of the ratios were then used in both principal component and regression analysis, with the
regression equation that utilized ratios taken from all the examined tooth types showing
the lowest standard error at 8.6 years (Kvaal et al., 1995). This is very similar to the
standard error estimate obtained by Kvaal and Solheim (1994). Since the publication of
this study, several other authors have applied the measurements used by Kvaal et al.
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(1995) to additional populations, with findings validating its use in adult age estimation
(Karkhanis et al., 2014; Paewinsky et al., 2004).
Additionally, new methods of examining the relationship between chronological
age and secondary dentine deposits that do not require taking measurements have also
been explored. Most recently, Olze, Solheim, Schulz, Kupfer, and Schmeling (2010) used
schematic drawings of stages of dental pulp visibility related to secondary dentine
formation to develop a methodology for estimating whether individuals were above the
18 year age threshold. Using four stages:
•

Stage 0: the lumen of the root canals is completely visible;

•

Stage 1: the lumen of one of the root canals is not completely visible to the
apex of the tooth;

•

Stage 2: the lumen of two of the root canals are not completely visible to
the apex of the tooth;

•

Stage 3: the lumen of two of the root canals is nearly invisible along the
full length of the roots.

The authors scored radiographs of the lower third molars taken from individuals aged 15
to 40 years. Their findings showed that individuals classified as Stage 1 or above had
passed the 18 year age threshold, while those within Stages 2 or 3 were above the age of
21 years (Olze, Solheim, Schulz, Kupfer, & Schmeling, 2010). Though this study
provided an alternative qualitative method of determining whether individuals had
reached 18 years of age, its results should be taken with caution, as the authors did not
investigate observer error within the sample.
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Radiographic Attempts to Quantify Age Estimation in Adults
Unlike the methods of age estimation used for children and adolescents discussed
above, which were largely subjective, those used for adults have a more objective basis.
Of the specific methods used to estimate age for adults, those related to secondary
dentine deposition and periodontal ligament visibility have taken an objective approach.
This has largely been through the use of morphometrics associated with the dental pulp to
tooth ratio (Karkhanis et al. 2014; Kvaal & Solheim, 1994; Kvaal et al. 1995; Morse et
al. 1993; Paewinsky et al. 2004), as well as percentage of periodontal ligament visibility
(Lucas et al., 2017). Additionally, in comparison to the objective methodologies applied
to children and adolescents, there is a lack of geometric morphometric attempts to age the
degenerative changes associated with adult dentition.
Relevance to Mincer et al. (1993)
The mineralization of the third molar represents an important sign of
chronological age, as it is one of the few biological indicators available during late
adolescence and early adulthood (i.e. 14 - 24). As previously mentioned, one of the most
widely used methods in which the mineralization of the third molar is measured is
through the qualitative system developed by Mincer et al. (1993). However, despite the
push for quantification and objectivity within the forensic sciences, there has been a lack
of research regarding quantifying the stages used within the Mincer system. Therefore, it
is necessary to consider quantitative studies done on a variety of different teeth, including
the third molar, as well as studies done after the mineralization of the dentition, both
within sub-adults and adults.
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Regarding studies done on teeth that completed mineralization, methods involving
the pulp to tooth area associated with secondary dentine deposits of the second molar
combined with the Demirjian stages utilized in the Mincer system scored for the third
molar, showed good discrimination between individuals above and below the 18 year
threshold (Cameriere et al., 2004). This demonstrates the potential of pulp to tooth areas
associated with these deposits in the second molar to better quantify the stages within the
Mincer system. Likewise, other age-related changes of the dentition that have been
measured objectively, such as periodontal ligament visibility (Lucas et al., 2017), may
also be of use when applied to the second molar in discriminating between Mincer stages.
With regard to studies done on teeth that were not fully developed, apical measurements
taken from a variety of teeth, including the third molar, have proven to be an effective
method of age estimation (Cameriere et al., 2006; Cameriere et al., 2008; Mörnstad et al.,
1994). Applying these measurements to teeth scored according to Mincer would provide
a means of establishing differences between the stages, which could then be used to
develop thresholds, further objectifying the system. Lastly, as measurements taken of the
tooth, root, and crown length of the third molar have also been examined as an objective
method of age estimation (Kullman et al. 1995; Liversidge & Molleson, 1999; Thevissen
et al. 2011), these could likewise be used as a means of distinguishing between stages
within the Mincer system. Therefore, although the research is lacking on previous
attempts to quantify the subjective stages used within the Mincer et al. (1993) method of
age estimation, current studies aimed as objectively estimating age using the dentition
show potential in their application to the Mincer system.
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Reliability of Mincer et al. (1993)
There is incentive to quantify the stages within the Mincer et al. (1993) system of
age estimation regarding observer reliability. Though the original study did not measure
observer error associated with scoring the third molar, consequent studies have examined
it. For instance, Olze et al. (2005) sought to estimate intra- and inter-observer error
associated with the Demirjian et al. (1973) method of age estimation in which Mincer’s
scoring protocol is based upon as well as four other subjective methods. Using the lower
left third molar, two observers scored radiographic images of the tooth according to the
various methodologies, with one observer rescoring the entire sample following a period
of six months. Their results showed that the Demirjian method demonstrated the highest
level of both intra and inter-observer agreeability, with it exhibiting an excellent ICC
above 0.95 both between and within observers (Olze et al., 2005). Additional
investigations into the reliability of the system with regard to the third molar have also
identified good to excellent intra and inter-observer agreement, with ICC and kappa
values ranging from 0.61 to 0.94 (Boonpitaksathit et al., 2011; Cameriere et al., 2008;
Dhanjal et al., 2006). However, in spite of the high level of reliability demonstrated
within the system, research suggests that incorporating objective measurements will
result in elevated reproducibility to subjective scoring.
Kullman et al. (1996) investigated intra and inter-observer error within both a
subjective method and objective measurement-based method of age estimation utilizing
the root development of the third molar. Their findings indicated that the objective
method exhibited less observer error, as there were no significant differences in
measurements made within or between observers when the radiographic images of the
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teeth were analyzed together (Kullman et al., 1996). Likewise, research done on
cephalograms of cervical vertebrae for the purpose of estimating age has also evaluated
observer reliability of subjective versus objective methodologies. The authors found that
when inter-observer error of the two subjective methods used was compared with that of
the objective measurement-based methods, the subjective methods both demonstrated
higher levels of disagreement, with kappa values below 0.20 indicating poor agreement
(Khalidi et al., 2016). This demonstrates the utility in using objective measurements and
their ability to increase observer agreement.

Conclusion
Overall, the existing research demonstrates the potential application of objective
methodologies of age estimation applied to both the second and third molars to quantify
the subjective stages within Mincer et al. (1993). This includes objective methodologies
examining both developmental and degenerative changes of the dentition, indicating the
wide variety of applicable methods available for quantifying the Mincer system.
Regarding the importance of quantifying the Mincer stages, doing so could potentially
increase the accuracy of the stages scored by users as tested through a new methodology,
as well as likely increase the reliability with which stages are scored. Therefore, this
research represents an important step in working to increase the effectiveness of the third
molar for the purpose of age estimation.
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Chapter 3: Materials and Methods
This chapter discusses the materials and methods used to answer the research
question discussed in chapter one regarding the quantifiability of the subjective age
estimation method of Mincer et al. (1993) through odontometric measurement ratios and
sectioning points derived from them, as well as the hypotheses on whether such a system
is accurate and reliable. The specific materials: including the study and validation
samples, and methods: including the scoring methodology, measurements, validation
procedure, observer error, and statistical analysis used to address this are discussed
below.

Sample
The dental radiographs used for this study were taken from U.S. service members
who were killed on the USS Oklahoma battleship during the Japanese attack at Pearl
Harbor on December 7th, 1941. This resulted in a total of 429 casualties, including 415
members of the U.S. Navy and 14 U.S Marines (Brown, 2019). Following the attack,
attempts were made to retrieve the remains and identify those killed. Thirty-five
individuals were initially identified, while the rest of the remains were buried as
unknowns in two cemeteries in Hawaii (Brown, 2019). Subsequent attempts to identify
the unknowns proved unsuccessful due to extensive commingling and the absence of
DNA technology. It was not until 2015 that the Deputy Secretary of Defense approved
the exhumation of the remaining caskets associated with the USS Oklahoma for the
purpose of individually identifying them. As of April 2020, 333 of the 394 unaccounted
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for individuals have been successfully identified (Walter, personal communication,
2021).
This research exclusively examined radiographs of the third molar. Within the
sample used, a variety of different ages were represented by a limited range of third
molar developmental stages. There was a large emphasis on the terminal Stage H within
the sample due to the demographic the sample came from, (i.e. a military population
where individuals would have been required to be at least 17 years of age to enlist)
indicating that many of the individuals included were likely over the age of 18 years.
Additionally, both impacted and non-impacted third molars were used within the study,
which was necessary to reach a large enough sample size. In addition, in several cases,
third molars with amalgam fillings were identified and included, as their appearance did
not inhibit scoring or measuring them.

Scoring Methodology
The entire radiographic sample of 144 maxillary and mandibular third molars
taken from 71 individuals was scored according to Mincer et al. (1993). This included
assigning the degree of third molar development observed to one of the eight subjective
stages used within the system, shown in Figure 1. However, only Stages D–H were
assigned, as the earlier stages were not present within the sample. All scores were
assigned by the author and verified against peer-reviewed Forensic Anthropology Reports
(FAR) of the individuals used. In cases where there were scoring differences between the
author and the FAR, the scores from the FAR were used. Additionally, in situations
where the Mincer score was not included in the FAR, a forensic anthropologist employed
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by the DPAA who is also a Diplomate for the American Board of Forensic Anthropology
(D-ABFA) scored the teeth. In some cases, two scores were provided for a single tooth to
indicate that the mesial and distal root were at different stages of development. In these
situations, the least developed root was used for analysis, as there was an
overrepresentation of Stage H teeth compared to the other stages within the sample and
the stages that the roots were between were always Stage G and Stage H. All molars were
scored in the blind, with no prior knowledge by the author on the biological profile of the
individuals used in this study.
Figure 1.
Stages Used Within the Mincer et al. (1993) Method of Age Estimation
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Measurements
Upon scoring the sample, measurements were also taken from the radiographs of
the third molars. Due to the lack of visibility caused by the superimposition of other
internal structures over the maxillary teeth, such as the hard palate and other teeth, the
maxillary dentition were excluded from metric analyses. In addition, several mandibular
molars were discarded due to difficulty in observing the root ends. This left a total of 55
third molars from 39 individuals that were measured. Measurements taken from the
radiographs of the third molars included total tooth length, occlusal plane tooth length,
root length, crown height, and apical width. The measurements were defined according to
the previous literature and are listed below as depicted in Figure 2:
•

Total tooth length (TTL): taken from the most occlusal point of the tooth to the
most apical calcified tooth point

•

Occlusal plane tooth length (OPL): taken from the occlusal plane to the most
apical calcified tooth point

•

Root length (RL): taken from the cement-enamel junction (CEJ) to the most
apical calcified tooth point

•

Crown height (CH): taken from the occlusal plane to the CEJ

•

Apical width (AW): taken measuring the inner sides of both open apices

Measurements were taken in Adobe Photoshop version 22.1 using the guides and ruler
tools. The images were zoomed in at approximately 300% and rotated arbitrarily so that
the occlusal plane was parallel to the mesial and distal cusps of the enamel. The occlusal
plane (O.P.) was defined as the straight line connecting the buccal mesial and distal cusp
of the tooth. Using the guides, straight lines were dragged down and set at the specified
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landmarks of the third molar, including the O.P., CEJ, and the most apical calcified point
of the tooth, both on the mesial and distal side, as shown in Figure 2. Then the ruler tool
was snapped to the guides, measuring each specified distance in millimeters. When there
were differences in measurement between the mesial and distal tooth length, the largest
recorded side was used for analysis, in accordance with the methodology of Thevissen et
al. (2011) who measured the tooth to the most apical calcified tooth point. For differences
between the mesial and distal CEJ, the average between the two measurements was used
for analysis, in accordance with the methodology of Thevissen et al. (2011). For the
apical width, the ruler tool was used to measure the inner sides of the open apices. The
width of the two open apices were summed together to arrive at the total apical width. In
cases where the apices were closed, the apical width was recorded as zero.
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Figure 2.
Measurements Taken from the Third Molar

Note. 1 = TTL; 2 = OPL; 3 = Mesial RL; 4 = Mesial CH; 5 = Distal CH; 6 =Distal
RL; 7 = Distal AW; 8 = Mesial AW
The measurements were converted into ratios to account for variability in tooth
size. Additionally, the ratio OPL/TTL was taken to account for the degree of buccolingual tilting. This tilting causes the buccal and lingual sides of the tooth to not overlap
and was present within the majority of the teeth in the sample. All of the ratios used are
listed below, in accordance with previous literature:
•

OPL/TTL

•

RL/TTL

•

CH/TTL
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•

AW/TTL

•

RL/OPL

•

CH/OPL

•

AW/OPL

•

CH/RL

Validation
To validate the sectioning points used to estimate dental stage of development of
the third molars according to Mincer et al. (1993), a separate sample of 10 individuals
was used. Within this sample, all the third molars were scored by the author and verified
by the FAR according to the system developed by Mincer et al. (1993). Then,
measurements were taken using the measurement ratios from the original sample that
were found to be correlated with Mincer dental stage. Using the sectioning points
estimated from the original sample, the third molars were assigned a Mincer dental stage
of development. These scores were then compared to the scores determined from the
subjective drawings to measure the variability between the two systems.
Additionally, the Mincer method of age estimation was also validated within the
entire sample used for this study. As all of the individuals in the sample had already been
identified, it was possible to compare the assigned Mincer stage to the known age of the
individuals. This was necessary, as it demonstrated the applicability of the Mincer
method of age estimation to the USS Oklahoma population, an important consideration in
justifying the need to quantify the method.
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Observer Error
Intra-observer error was calculated to determine the replicability of the novel
measurements. This was done by measuring and re-measuring 10 third molar radiographs
at one week apart. The radiographs used were selected randomly by the author, but were
stratified to represent a range of Mincer stages available in the sample. Additionally,
Mincer scores obtained through the sectioning point systems within the validation
population were also retaken following one week’s time to determine the reliability of the
sectioning point method. All scoring was done by the author.

Statistical Analysis
To measure intra-observer error, ICC was used. ICC measures the amount of
variance that could be ascribed to the measurement of an object, in this case, the
variability of taking measurements and determining scores from radiographs of the third
molar on separate occasions (Shrout & Fleiss, 1979).
To determine correlation of measurement ratios to Mincer stage, Spearman
correlation coefficients were used. In comparison to the more commonly used Pearson
correlation coefficients, Spearman correlation coefficients are used to measure the
correlation between nonnormally distributed continuous data and ordinal data (Schober et
al., 2018). In this study, Spearman correlation coefficients measured the correlation
between the ordinal Mincer stages and continuous measurement ratios. Those ratios that
were not significantly correlated were removed from further analysis. To establish a
range of measurement ratios that correlated with each Mincer stage, all the measurement
ratios for a specific trait (i.e., root length/ total tooth length) within a particular Mincer

33
stage, such as Stage E, were summed and divided by the number of teeth scored as Stage
E. This established the mean for the root length/total tooth length ratio for that particular
stage, which was then added to the mean root length/total tooth length ratio for the
following stage (i.e., F) and then divided by two to determine a sectioning point. This
process was repeated for the consequent Mincer stages. In this way, multiple sectioning
points could be estimated for each trait, establishing a range of measurement ratios for
each stage. This process is based on previous research by Spradley and Jantz (2011) who
estimated measurement sectioning points for long bones to estimate sex.
To estimate correct classification rates within the validation sample for each
measurement ratio, the pooled number of correctly classified teeth were taken and
divided by the number of teeth scored. Correct classification was defined as agreement
between the FAR/Diplomate scores and the sectioning point scores.
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Chapter 4: Results
The results produced using the previously described materials and methods are
described below. These include intra-observer error for both the raw measurements and
scores obtained through the sectioning point systems, correlation between the
measurement ratios and Mincer stage, sectioning point systems derived from the
measurement ratios, accuracy of the sectioning point systems, and validation of Mincer et
al. (1993) in the sample used for this study.

Intra-Observer Error
The intra-observer error was estimated in SPSS version 27, using ICC with a twoway mixed effects model with absolute agreement. The single measures ICC for the six
measurements used for analysis; including the total tooth length, occlusal plane tooth
length, root length, crown height, and mesial/distal apical widths, as well as the level of
reliability and 95% confidence interval (CI) are illustrated in Table 1. The level of
reliability was defined according to Koo and Li (2016) where values under 0.50 are
considered to have poor reliability, values between 0.50 - 0.75 are moderately reliable,
values between 0.75 - 0.90 have good reliability, and values greater than .90 are
excellent. The ICC for all the measurements used in this study were considered to be
excellent. Additionally, the 95% CI was small for all measurements, further
demonstrating the high reliability of these measurements.
Regarding the sectioning point scores, the single measures ICC for the Mincer
scores from the seven sectioning point systems along with the level of reliability and 95%
CI are reported in Table 2. The ICC for the scores obtained from the sectioning points
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were also excellent for all of the sectioning point systems. Furthermore, the 95% CI for
the sectioning point systems with an ICC under 1.000 were also small, indicating their
high level of reliability.
Table 1.
ICC, level of reliability, and 95% CI for the measurements taken
Total tooth length
Occlusal plane
tooth length
Root length
Crown height
Mesial apical width
Distal apical width

ICC
1.000
1.000

Level of reliability
Excellent
Excellent

95% CI
0.999 - 1.000
0.999 - 1.000

0.999
0.997
0.999
0.999

Excellent
Excellent
Excellent
Excellent

0.996 - 1.000
0.989 - .999
0.998 - 1.000
0.995 - 1.000

Table 2.
ICC, level of reliability, and 95% CI for the Mincer scores obtained from the sectioning
points
RL/TTL
CH/TTL
AW/TTL
RL/OPL
CH/OPL
AW/OPL
CH/RL

ICC
0.979
1.000
1.000
0.972
1.000
1.000
1.000

Level of reliability
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent
Excellent

95% CI
0.933 - .994
0.910 - .992
-

Correlation Coefficients
A Spearman correlation coefficient was used to determine the degree of
correlation between the eight measurement ratios (OPL/TTL, RL/TTL, CH/TTL,
AW/TTL, RL/OPL, CH/OPL, AW/OPL, CH/RL) and Mincer stage. The
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correlation coefficients were calculated in SPSS version 27 using a two-tailed test of
significance. The correlation coefficient, strength of the correlation, and p-value are
summarized in Table 3. The strength of the correlation was defined according to Salkind
and Shaw (2019) where values between 0.00 to 0.20 indicate that a weak to no
relationship exists between variables, values between 0.20 to 0.40 indicate a weak
relationship, values between 0.40 to 0.60 indicate a moderate relationship, values
between 0.60 to 0.80 are indicative of a strong relationship, and values between 0.80 to
1.0 are representative of a very strong relationship. Of the significantly correlated
measurement ratios, the apical width measurement ratios (i.e. AW/TTL and AW/OPL)
exhibited a significantly very strong relationship to Mincer stage, with p-values of less
than 0.0001, while the remaining five measurement ratios exhibited a significantly weak
relationship to Mincer stage, with p-values of less than 0.05 and 0.01, depending on the
specific measurement ratio.
Table 3.
Spearman correlation coefficient, strength of correlation, and p-value for the
measurement ratios taken

OPL/TTL
RL/TTL
CH/TTL
AW/TTL
RL/OPL
CH/OPL
AW/OPL
CH/RL

Correlation
coefficient
0.044
0.320
-0.375
-0.984
0.367
-0.369
-0.983
-0.369

Strength of
correlation
Weak to none
Weak
Weak
Very strong
Weak
Weak
Very strong
Weak

P-value
0.750
0.017
0.005
p< 0.0001
0.006
0.006
p<0.0001
0.006
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Sectioning Points
The significantly correlated measurement ratios were used to create sectioning
points that could be used to establish a range of measurement ratios for each Mincer
stage. This was done for all seven measurement ratios, even though all of the
measurement ratios with the exception of the apical width ones were only weakly
correlated to Mincer stage, and therefore would not likely be highly accurate, so as to be
able to test a variety of different sectioning points within the sample. The sectioning
points themselves were obtained by calculating the mean of each stage, adding it to the
subsequent stage (i.e., D + E, E + F, F + G, G + H) and dividing by two. Additionally, the
standard deviation (SD) was also calculated for the stages that included more than one
individual to determine how close the measurement ratios within each stage were to the
mean. Results illustrating the number of individuals, mean, and sectioning point (s.p.) for
each stage are shown in Tables 4–8. Overall, the standard deviations for Stages G and H
were low, indicating the values within each stage were close to the mean (i.e., variation
with these stages was low). Additionally, the difference between the D/E sectioning point
and the rest of the sectioning points was much greater across all of the measurement ratio
sectioning point systems, as depicted in Figures 3–9. This was likely due to the one
individual that represented Stage D being an outlier which skewed the histograms and
affected the measurement ratio dispersion as well as the sectioning point dispersion for
all of the sectioning point systems. This is indicative of how having only one individual
each for Stages D, E, and F impacted the results.
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Table 4.
Number of individuals, mean, and D/E s.p. for the measurement ratios for Stage D
Stage D
RL/TTL
CH/TTL
AW/TTL
RL/OPL
CH/OPL
AW/OPL
CH/RL

N
1
1
1
1
1
1
1

Mean
0.2389
0.6194
0.8833
0.2783
0.7217
1.0291
2.5930

D/E s.p.
0.3599
0.5332
0.6116
0.3983
0.6017
0.6977
1.7612

Note. The listed mean is not a true mean of the sample for Stage D, as Stage D was only
represented by one individual

Table 5.
Number of individuals, mean, and E/F s.p. for the measurement ratios for Stage E
Stage E
RL/TTL
CH/TTL
AW/TTL
RL/OPL
CH/OPL
AW/OPL
CH/RL

N
1
1
1
1
1
1
1

Mean
0.4809
0.4470
0.3399
0.5183
0.4817
0.3663
0.9293

E/F s.p.
0.5087
0.4102
0.2422
0.5539
0.4461
0.2626
0.8128

Note. The listed mean is not a true mean of the sample for Stage E, as Stage E was only
represented by one individual
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Table 6.
Number of individuals, mean, and F/G s.p. for the measurement ratios for Stage F
Stage F
N
1
1
1
1
1
1
1

RL/TTL
CH/TTL
AW/TTL
RL/OPL
CH/OPL
AW/OPL
CH/RL

Mean
0.5364
0.3734
0.1445
0.5896
0.4104
0.1588
0.6962

F/G s.p.
0.5661
0.3535
0.1292
0.6154
0.3847
0.1408
0.6300

Note. The listed mean is not a true mean of the sample for Stage F, as Stage F was only
represented by one individual

Table 7.
Number of individuals, mean, SD, and G/H s.p. for the measurement ratios for Stage G

RL/TTL
CH/TTL
AW/TTL
RL/OPL
CH/OPL
AW/OPL
CH/RL

N
10
10
10
10
10
10
10

Stage G
Mean
0.5959
0.3335
0.1140
0.6412
0.3589
0.1228
0.5638

SD
0.0374
0.0334
0.0457
0.0337
0.0336
0.0500
0.0836

G/H s.p.
0.6057
0.3223
0.0570
0.6530
0.3471
0.0614
0.5378
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Table 8.
Number of individuals, mean, and SD for the measurement ratios for Stage H
Stage H
RL/TTL
CH/TTL
AW/TTL
RL/OPL
CH/OPL
AW/OPL
CH/RL

N
26
26
26
26
26
26
26

Mean
0.6156
0.3110
01
0.6647
0.3352
0
0.5118

SD
0.0444
0.0474
0
0.0466
0.0465
0
0.1096

Note. One individual presented with two different molars scored as Stages H and G. This
individual was included in the Stage G calculations so as not to count them twice.

Figure 3.
Measurement ratio distribution for RL/TTL

1

There is no value for AW/TTL and AW/OPL as the apices for Stage H are closed, so the apical width
measurement was not taken.
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Figure 4.
Measurement ratio distribution for CH/TTL

Figure 5.
Measurement ratio distribution for AW/TTL
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Figure 6.
Measurement ratio distribution for RL/OPL

Figure 7.
Measurement ratio distribution for CH/OPL
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Figure 8.
Measurement ratio distribution for AW/OPL

Figure 9.
Measurement ratio distribution for CH/RL
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Correct Classification
The seven sectioning point systems for each of the significantly correlated
measurement ratios were tested in the validation population. This was done by comparing
the Mincer scores that were obtained from the sectioning point systems to those from the
FAR/Diplomate for simple correct classification. Results from this comparison are shown
in Figure 10. Of the measurement ratio sectioning point systems, AW/TTL and AW/OPL
had the highest correct classification rates. This is likely because they were the only
measurement ratios that were strongly correlated to Mincer stage. Comparatively, the rest
of the measurement ratio sectioning point systems had correct classification percentages
that ranged from 25% to 58.3% (Figure 10). These lower correct classification
percentages are likely because all of these measurement ratios were weakly correlated to
Mincer stage with correlation coefficients that ranged from -0.375 to 0.320 (Table 3).
Figure 10.
Overall correct classification percentage for the measurement ratio sectioning point
systems

Overall Correct Classification
80.0%

75%

75%

% CORRECTLY CLASSIFIED

70.0%
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30.0%
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25%

20.0%
10.0%
0.0%
RL/TTL

CH/TTL

AW/TTL
RL/OPL
CH/OPL
MEASUREMENT RATIOS

AW/OPL

CH/RL
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Validation of Mincer et al. (1993)
The Mincer et al. (1993) method was validated in the entire sample (both original
and validation) of the 49 individuals used for this study. This was done by comparing
known age of the individuals to that obtained through Mincer score. However,
individuals over the known age of 25 years were not included in this analysis as the
probability of having obtained the terminal Stage H by that age was high (see Mincer et
al., 1993). Results showed that there were greater differences between mean observed
age and mean expected age for the lower stages compared to the higher ones (Figure 11).
This was likely due to the lower three stages being represented by only one individual
each, of whom were likely anomalies as the sample is biased towards individuals over the
age of seventeen. Additionally, the mean observed age was greater than the mean
expected age for all of the stages. In order to determine the precision of the predicted
Mincer ages, the percentage of individuals within one, two, and three standard deviations
(S.D.) of known age were examined by stage. Results showed that, for individuals
younger than 25 years, 60% of the individuals had known ages within one standard
deviation and 94% had known ages within two standard deviations (Table 9).
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Figure 11.
Mean observed age and expected age as calculated by Mincer et al. (1993) by stage2

Mean Observed and Expected Mincer Scores per Stage
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10.00
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Stage E

Stage F

Stage G

Stage H

Mincer Stage

Table 9.
Number of individuals and percentage of the sample within 1, 2, and 3 S.D. of known age
by Mincer stage
N
Stage D
Stage E
Stage F
Stage G
Stage H
Total

1
2
1
12
19
35

% of sample
Within 1 S.D.
50
42%
79%
60%

% of sample
Within 2 S.D.
100%
100%
92%
100%
94%

% of sample
Within 3 S. D.
100%
100%
100%
100%
100%
100%

Note. The standard deviation (S.D.) for each stage is approximately two years.

2

As the equations used to calculate Mean Mincer age to determine the accuracy and precision of the
method were only suitable for white individuals, all non-white individuals (N=3) were removed from
analysis
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As the Mincer method was also used to determine whether individuals had
reached the age of 18 years, this was also tested within the sample. This was done by
taking the number of individuals who were at least 18 years of age divided by the number
of individuals for each stage. Given that none of the individuals within the sample were
under the age of 18, there was a 100% probability for all of the stages (Table 10).
Table 10.
Probability of having at least reached the age of eighteen within the sample by Mincer
stage

Stage D
Stage E
Stage F
Stage G
Stage H

Probability of being at least 18 years of
age within the sample
100%
100%
100%
100%
100%
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Chapter 5: Discussion and Conclusion
Intra-Observer Error
The calculation of intra-observer error for this study was used to estimate the
reliability of both the six initial measurements used to develop the sectioning points, as
well as the reliability of the scores produced by the sectioning point systems in the
validation population, following one week’s time. It was necessary to test both as it
would be futile to develop sectioning points from the measurements if they could not be
reliably measured. Regarding the raw measurement results, the author consistently
measured total tooth length 99.9% to 100% of the time, occlusal plane tooth length
99.9% to 100% of the time, root length 99.6% to 100% of the time, crown height 98.9%
to 99.9% of the time, mesial apical width 99.8% to 100% of the time, and distal apical
width 99.5% to 100% of the time (Table 1). These percentages correspond to the ICC
values (see Table 1), where total tooth length and occlusal plane tooth length had the
highest correlation coefficients and crown height had the lowest, though the differences
are insignificant. Altogether, the ICC values associated with each of the six
measurements were all excellent demonstrating the high reliability of the measurements.
Results from the sectioning point scores showed that the author consistently
scored the teeth using the RL/TTL sectioning point (s.p.) system 97.9% of the time,
100% of the time using the CH/TTL s.p. system, 100% of the time using the AW/TTL
s.p. system, 97.2% of the time using the RL/OPL s.p. system, 100% of the time using the
CH/OPL s.p. system, 100% of the time using the AW/OPL s.p. system, and 100% of the
time using the CH/RL s.p. system (Table 2). Given that the raw measurements used to
establish the sectioning points were all highly reliable, it is not surprising that the scores
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obtained from the measurement ratios within the sectioning point systems were also
consistent over time. Overall, the ICC values associated with each of the seven sectioning
point systems were excellent illustrating the high reliability of the sectioning point
systems and supporting the hypothesis that the sectioning point systems provided a
reliable method of obtaining Mincer stage of development. However, it is possible that
some bias was introduced as the author only used radiographs from 10 individuals who
overrepresented the later Mincer stages (i.e. Stages G and H) as compared to the earlier
ones to test intra-observer error for both the raw measurements and the scores from the
sectioning point systems. Furthermore, as the raw measurements were only taken to the
nearest tenth of a millimeter this may have affected the precision and contributed to the
observed results.

Correlation Coefficients
The Spearman correlation coefficients calculated for the eight initial measurement
ratios showed that the only measurement ratio found not to be significantly correlated
was the OPL/TTL (Table 3). This is to be expected as the OPL/TTL was taken to
determine the level of bucco-lingual tilting and would not be dependent on the
developmental stage of the tooth. The rest of the measurement ratios, with the exception
of the AW/TTL and AW/OPL, were only weakly correlated. Previous research into age
estimation using certain dental measurement ratios, including crown height/tooth length
and root length/tooth length, found age estimates obtained from them to be neither highly
accurate nor precise (Kullman et al., 1995; Thevissen et al., 2011). As age is associated
with Mincer stage, it is therefore not surprising that only a weak correlation existed

50
between the RL/TTL, CH/TTL, RL/OPL, CH/OPL, and CH/RL measurement ratios and
Mincer stage as in prior research. In comparison, research on apical width measurements
have consistently demonstrated their ability to accurately estimate age (Cameriere et al.,
2006; Cameriere et al., 2008). Given the strong association between apical width closure
and age, it follows that there would also be a strong correlation between apical width
measurement ratios and Mincer stage, with the results showing correlation coefficients of
-0.984 and -0.983 for AW/TTL and AW/OPL, respectively (Table 3). However, even
though the apical width measurement ratios were strongly correlated to Mincer stage, the
ratios themselves were not useful for teeth scored as Stage H, which were the most
abundant in the sample, as a value of zero was associated with Stage H. Therefore, apical
width wasn’t actually measured for Stage H, rather the user would be forced to decide if
the apices of the tooth were open and if it was decided they were not, a value of zero
would be assigned for apical width.

Sectioning Points
The individual sectioning points within each of the seven sectioning point systems
were different enough from each other that they could be used to estimate what Mincer
stage an individual belonged to. This supported the hypothesis that the Mincer method of
age estimation could be quantified through sectioning points derived from measurement
ratios. Regarding the dispersion of the sectioning points, they were unequally dispersed
for all of the sectioning point systems (see Figures 3-9), with the distance between the
D/E and E/F sectioning points being much greater than the rest of the sectioning points.
This is likely due to the unequal representation of Mincer stages within the sample, as
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well as the very small sample size of one individual each for Stages D, E, and F (see
Tables 4-6) of which they were likely anomalies. Though it is also possible that this
dispersion was in part due to the morphological differences of Stage D molars, which
look much different from the later stages within the Mincer system (see Figure 1) due to
their lack of root development and large apical width and would therefore likely be
characterized by different measurement ratios, the most likely scenario is that the one
individual representative of Stage D was an anomaly. This is further supported by the
individual’s known age being two standard deviations greater than the mean age
predicted using Mincer stage (Table 9), as well as the Stage D third molar being impacted
(along with the majority of the Stage E and F molars in the sample). Impacted molars are
defined as teeth that may or may not be erupted but that will never achieve the typical
occlusal relationship with the rest of the dentition (Saker et al., 2009). Additionally, these
teeth are often underdeveloped, which would have influenced any measurement ratios
taken from the impacted teeth in the sample. Therefore, the development of sectioning
points from the Stage D third molar would logically have produced sectioning points that
were unequally dispersed due to it being an outlier.
When the sectioning points were tested in the validation sample, results showed
that the sectioning point systems had generally poor accuracy with correct classification
percentages, ranging from 25% to 75% (Figure 10). This may be due to several factors.
Firstly, as previously mentioned, the Mincer stages were not represented equally
throughout the sample, with the three lower stages only represented by one individual
each. This likely influenced the estimation of the sectioning points, affecting any Mincer
stage estimates obtained from them. However, it is also likely that the measurement ratios
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were not highly accurate predictors of Mincer stage. With the exception of the apical
width measurement ratios, there was only a weak correlation between the ratios and
Mincer stage (Table 3). These weak correlations infer that attempts to classify Mincer
stage from the measurement ratios associated with them would logically demonstrate low
accuracy. However, even though the apical width measurement ratios were strongly
correlated to Mincer stage, sectioning points derived from them were only 75% accurate
within the validation sample (Figure 10). As the misclassification was solely between the
stages of G and H, this may have been due to the establishment of the G/H sectioning
point. Logically, the apical width sectioning point between Stages G and H would be
zero, as the main difference between the two stages, according to Mincer et al. (1993), is
that Stage G has open apices and Stage H does not. However, the established sectioning
point of 0.057 for AW/TTL and 0.061 for AW/OPL led to several Stage G teeth being
misclassified as Stage H, despite having clearly open root apices. This is because the
Stage G teeth in the validation sample had smaller apical width measurements on average
than the original sample, so even though the apices were visibly open they were still
misclassified. Given that the AW/TTL and AW/OPL sectioning point systems did not
take into account these assumed differences between stages, the G/H sectioning point for
these measurement ratios cannot be highly accurate.
Another example of a sectioning point that does not take into account inherent
differences between stages is the E/F sectioning point for CH/RL. Though the main
difference between Stages E and F is that Stage E root length is less than crown height
and Stage F root length is at least as great as crown height, this is also not used to
differentiate between the two stages. Instead, the E/F sectioning point for CH/RL is
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arbitrarily set at 0.81 due to that being the obtained value from taking the one individual
that represented Stage E and the one individual that represented Stage F and dividing by
two. This may have led to the misclassification of more Stage E and F teeth had the
validation sample contained more teeth at these stages.
Altogether, the unequal representation of stages in the sample, weak correlation
between Mincer stage and the majority of the measurement ratios, and sectioning points
that did not factor in assumed differences between stages likely all contributed to the low
correct classification rates observed for the sectioning point system. Overall, the results
as a whole do not support the hypothesis that the sectioning point system, as estimated
from this limited sample, provide an accurate method of obtaining Mincer stage of
development.

Validation of Mincer et al. (1993)
The Mincer et al. (1993) method has two objectives: (1) to estimate chronological
age of unknown individuals, and (2) to predict whether an individual is over the age of 18
years. With regard to the first objective, the results within the sample showed that the
Mincer method consistently underestimated age, as based on the mean known age
compared to the mean expected age obtained from Mincer and categorized by Mincer
stage (Figure 11). This is largely consistent with the findings of Mincer et al. (1993), as
they also found age predicted from dental developmental stage to be younger than
chronological age, with the exception of the terminal Stage H. Regarding precision, the
percentage of the total sample that was within one standard deviation of known age was
60%, while the percentage within two standard deviations was 94%, encompassing

54
approximately an eight-year time span (Table 9). This is also largely consistent with the
results obtained by Mincer et al. (1993), who found that 68% and 95% of their total
sample were within one and two standard deviations, respectively. These results support
the conclusions made by Mincer et al. (1993) that the chronological age estimates
obtained from the dental stages of development were imprecise. However, in the absence
of other indicators spanning late adolescence/early adulthood the chronological age
estimates can be helpful.
Regarding the second objective, the analyses were limited by the absence of
individuals under the age of 18 years within the sample. Given that the minimum age
required to enlist in the military was 18 years (17 with signed permission from parents), it
should not be surprising that there were no individuals within the sample with known
ages under the age of 18 years. Though it is possible that individuals with lower dental
stages of development were actually younger than 18 years and altered their military
records so that they would be eligible for service, it is more likely that they were in the
small percentage of the population whose third molar development was delayed. This is
further supported by the high proportion of Stage D, E, and F molars within the sample
that exhibited impaction. As Pilloud and Heim (2019) have shown that impaction
produces age estimates below the individual’s known age, this would explain the
discrepancy between estimated and known age. Though there is no way of knowing
whether there were truly individuals under the age of 18 within the sample, the safest and
most likely assumption is that the military records were true indicators of known age at
death and there were no individuals under the age of 18. Following this assumption, the
probabilities produced in Table 10 should be treated as suspect, given that there were no
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individuals younger than 18 years to include with those 18 years or older within the
sample. Furthermore, these probabilities do not reflect the empirical probabilities given
by Mincer et al. (1993), with the exception of Stage H. However, if all this information is
ignored, the main interpretation drawn from examining the probability of having reached
the age of 18 years, as classified by Mincer stage within the sample, would be that the
Mincer method cannot be used to distinguish individuals above and below the age of 18
years, as there was a 100% probability of being at least 18 years for all of the stages
(Table 10). Given that it is well-documented that the Mincer method accurately
distinguishes individuals younger than 18 years in other samples, this interpretation is not
valid across studies. Therefore, due to the nature of this sample, the probability of having
reached the age of 18 years, as predicted by Mincer stage, cannot be accurately validated
within the sample.

Limitations
The biggest limiting factor within this study would be the overrepresentation of
third molars that were scored as Stage H compared to the rest of the stages. Given the
demographic of the population the sample is derived from, this is to be expected as many
of the individuals on the USS Oklahoma were over the age of 18 years at the time of
death and were therefore likely to have obtained Stage H. However, the disproportionate
proportion of Stage H to non-Stage H teeth likely influenced the estimation of the
sectioning points used to classify stage of third molar development. Similarly, the
absence of individuals younger than 18 years was also limiting, as attempts to validate
the Mincer et al. (1993) method were restricted given that the number of individuals that
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were above and below the age of 18 years within each stage could not really be
compared. However, as with non-terminal Mincer stages, this is also to be expected as
individuals under the age of 18 could not legally enlist without a parent’s permission and
therefore would not presume to be found in the USS Oklahoma population.
The use of impacted third molars within the sample was another possible limiting
factor. As previously mentioned, recent investigation into impacted third molars and age
estimation found that impacted molars have a tendency to be underdeveloped and
produce age estimates that are younger than the individual’s known age (Pilloud & Heim,
2019). As this study was focused on quantifying the Mincer et al. (1993) stages of dental
development and not age estimation, the use of these teeth was necessary so as to
preserve a large enough sample size. However, the validation of the Mincer method
within the given sample may have been impacted by the inclusion of these teeth. As the
Mincer method consistently under-estimated age of the individuals within this sample
(see Figure 11), it is likely that this was at least in part due to the inclusion of impacted
third molars.
Another possible limitation related to the sample would be the inclusion of molars
with bucco-lingual tilting. The majority of the teeth within the sample exhibited this to
some extent, with the degree of bucco-lingual tilting estimated by taking the occlusal
plane tooth length over the total tooth length. Within the sample, the mean bucco-lingual
tilting was 0.92 with a standard deviation of +/- 0.04. This is not high considering a value
of 1.0 indicates a lack of tilting. Additionally, though bucco-lingual tilting can affect root
length measurements, its impact is considered minor with radiographic projections
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remaining largely unchanged (Atalie et al. 2015). Therefore, it is unlikely that the
inclusion of teeth with bucco-lingual tilting greatly affected the measurements.
One of the limitations with regard to the methodology of the measurements was
the use of the occlusal plane to take the measurements. As all measurements were taken
in the occlusal plane, the accurate length of teeth with roots that curved out to the sides
was not captured. This is a possible limitation related to taking the measurements from
the linear guides in Adobe Photoshop, though the majority of the teeth had at least one
root that was largely straight. An additional limiting factor related to the methodology
would be the use of radiographs to measure the teeth. Though radiographs provided a
convenient and remotely accessible method, issues with the visibility of the root and CEJ
of the teeth led to all of the maxillary teeth, as well as some of the mandibular teeth, not
being included in analyses. This may be a limitation of the method itself, as only images
with clearly visible landmarks could be used for analysis.

Conclusion
This research examined the use of sectioning points with the aim of quantifying
the Mincer et al. (1993) subjective method of age estimation through odontometric
measurements of radiographs. This was done for the purpose of revising and testing
methods of increasing the accuracy and reliability of the stages scored within the system,
which are important considerations following the 2009 NAS report. The results showed
that the subjective stages within the Mincer method could be quantified through the use
of sectioning points, supporting the hypothesis that the subjective Mincer method was
quantifiable. Additionally, the Mincer scores obtained through the sectioning point
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method demonstrated excellent interrater agreement, supporting the hypothesis that the
sectioning point method could be reliably observed. However, when the sectioning points
were tested in the validation population the results showed that the Mincer stages
obtained from the sectioning points only had correct classification percentages that
ranged from 25% to 75%, rejecting the hypothesis that the sectioning point method based
on this study sample was an accurate method.
Future directions involving this line of research are to develop sectioning points
based on a sample from which Mincer stages were equally represented. This would likely
resolve many of the issues encountered in this study and provide a more accurate
depiction of the true sectioning point between stages. Likewise, attempts to validate the
Mincer method of age estimation should also be tested on a sample from which
individuals above and below the age of 18 years are equally represented, as this would
provide a more accurate indication of the actual probability of an individual being at least
18 years of age based on Mincer stage. Additionally, if the size of this potential sample
allows, impacted teeth should be excluded from the sample as they tend to underestimate
age and may affect any attempts to validate the Mincer method of age estimation.
Regarding improvements to the methodology developed in this research, novel
measurement ratios taken from both the third and second molar should be examined to
determine if they have a stronger correlation to Mincer stage than the measurement ratios
tested in this study. Given that the AW/TTL and AW/OPL were the only measurement
ratios that were strongly correlated, investigation into alternative measurement ratios may
reveal ones that more accurately capture the Mincer stages. Furthermore, researchers
should also attempt to factor in known macroscopic differences between Mincer stages
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when developing sectioning points, such as apical closure for Stages G and H and crown
height to root length ratio for Stages E and F.
Lastly, though using the guides and ruler tools in Adobe Photoshop has shown to
be an accurate method of measuring the third molar, other avenues may be more accurate.
Specifically, geometric morphometric approaches have shown to more accurately capture
traditional metric measurements, as they factor in the shape of the object to the analysis
(Schmieder et al., 2015). Given the distinctive shape of the tooth associated with each
Mincer stage, future endeavors should attempt to apply geometric morphometrics
approaches to either images or radiographs of the third molar to determine if they can
better distinguish between subjective Mincer stages in comparison to sectioning points
derived from odontometric measurement ratios. Overall, there are many opportunities to
further develop this line of research with regard to the aim of increasing the accuracy and
reliability of the Mincer et al. (1993) method of age estimation.
In summary, this research represents an important steppingstone in the effort to
increase the accuracy and reliability of the stages scored by users of subjective
methodologies within the forensic sciences. Though limitations were encountered in this
study due to the nature of the sample, the results hold promise for future studies.
Additionally, this research highlights the importance of estimating age from the dentition
within a military population, as discrepancies may exist between the age listed in an
individual’s military records and their actual age. Overall, the field of forensic
anthropology will likely benefit from further investigation into this line of research.
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